At present, warehouse construction industry makes large vertical stores over small areas causing vertical designs of vehicles and structures. In this situation, the floor must have constant levelness and high flatness in order to achieve the nominal performance of the very narrow aisle lift trucks. With this in mind, in this paper we present a novel system for levelness and flatness measurement based on big surfaces shape measurement. The system has linear and angular optical measurement devices on a mobile robot with automatic drive based on an embedded microcontroller. Readings from the robot are sent to a host computer by means of a radio frequency link for future analysis of level and flatness in agreement with the E1155-87 ASM standard. In addition, this work presents a PC program that receives data from the robot and then sends the data dynamically to a spreadsheet. The complete travel of the vehicle over the measurement area can be made with high degree of automation, reporting remarkable advantages compared to those of a manual process.
INTRODUCTION
Some special floors are made in order to support the displacement of very narrow lift trucks over randomly or fixed routes. For instance, these kinds of floors are used in large height vertical warehouses, which are constructed to keep items in the smallest possible area. In such case, the area intended for the traffic is very narrow and the floor should be very flat and straight to avoid the vehicle staggering and crashing with nearby structures. Therefore, it is necessary to evaluate the floor features prior to the beginning of the warehouse operation. This information is useful for two main purposes: to check if the floor accomplishes with the expected tolerances, and to correct construction faults. Therefore, the main aim is to prevent out time fixes that could outcome in human and material losses [1] . Figure 1 shows the development of a big surface measurement in a vertical warehouse. This process was made in a manual approach, without any automated device, just using inductive angle and displacement measurement instruments. The previous experience involves a huge manual work of data reading and processing. For this reason, the measurement of big surfaces forces the use of automated systems that performs those tedious tasks and takes advantage of the modern electronic and computation systems. The automated system described in this paper is used for big surfaces measurement, in order to assist or to certificate construction process in vertical warehouses. In our concept, the overall instrument is composed of a mobile robot used for data acquisition and the software that transports readings to a spreadsheet. However, the performance of the instrument is not limited to warehouses measuring; the range of applications could be extended to other types of big surfaces by means of implementing several measurement algorithms and some modifications to the spreadsheet.
Our system for automated linear and angular measurements constitutes an alternative approach to the little offer of similar instruments. With this implementation we are going in to in highly specialized services in an incipient industry.
The organization of this paper is as follows. Section two introduces the importance of evaluation of big areas. Section three points out the main system for linear and angular measurement. Section four shows the results of calibration process and some features reached.
BIG SURFACES AND FLAT FLOORS
Nowadays the construction industry is raising the storage capacity in warehouses by means of the incorporation of vertical designs in luggage compartments and lift trucks. Such approach increases the total amount of storage capacity about 60% or more, saving money with the use of already available space, as figure 2 shows. The key point then is to enlarge the warehouse height keeping the existing field. However, the floor that covers the field is also extensive, occupying thousands of square meters. Figure 3 shows P 0 , P 1 and P 2 points that are separated at a distance of 304.8 mm (12") between them on a imaginary straight line above the floor. Highest C max is equal to d 1 + d 2 and it can be expressed as a F F function like:
Geometrical meaning of F F
or in millimeters:
C F max F = 116 08 .
[mm] Figure 3 . Geometrical meaning of FF C máx is the maximum permitted rate for certain quality floor, which depends on the FF number. Table 1 gives recommended values for F F numbers. By the way, for superflat floor F F = 100 then C máx = 1.1608 mm (C máx = 0.0457").
Geometrical meaning of FL
F L is a number associated to the floor surface inclination. Figure 4 shows the maximal high difference d max between P 0 and P 10 points, which are separately 3.048 m (10 ft). Highest d max is equal to h 10 -h 0 and it can be expressed as a F L function like:
[in]
or in millimeters 
SYSTEM DESCRIPTION
In the measurement system there are two components: hardware and software, physically separated but interacting through a RF communications link. The first component is a mobile robot controlled automatically in a straight route on the floor under inspection and which transports optical devices for length and angle measurements. The same robot obtains and sends readings via RF to a host computer. The self-directed displacement of the robot is achieved by means of a laser-pointing device placed in the opposed end of the trajectory to cross. The robot is equipped with optical guidance sensors used to detect the deviations on the predefined trajectory so that the direction can be corrected. Also, the robot has sensors of length displacement that indicate the moment to acquire readings. The second component is a PC program and a receiving RF station awaiting the asynchronous arrival of readings to be processed to obtain the F-numbers that describe the quality of the floor. See scheme that describes the measurement system in figure 5 . The robot's electronic system is made up of a main control based on MC68HC11 microcontroller, and subsystems of guidance, self-governing displacement, data acquisition and RF communications. The program in assembler language for the HC11 implements the control algorithm in a strongly asynchronous interruption based approach. Figure 6 shows the electronic system. Refer to Figure 6 in the following description for the notation and details. The self-governing displacement subsystem provides the electrical energy for the autonomous displacement of the robot with controlled mobility. The optical sensor identified as "Detector 1" is a simple opto-coupler device that senses the displacement like an odometer. The main wheel in the robot has a fixed index that is used to interrupt the light transmission in the transmitter-receiver pair at the opto-coupler device. This interruption generates a control signal to the main control. Detector 1 allows the controlled advance of the robot on the defined trajectory to a stable stop stable each 30cm to capture readings of displacement and angle. Detector 1 generates an interruption, IRQ, in the microcontroller to look out the flow of the control algorithm. The movement of the robot is controlled by impelling a DC motor shared with the advance mechanism in the robot through port D of the HC11.
Journal of Applied Research and Technology
The guidance subsystem stands for small deviations from the straight route and then corrects the direction of the mobile robot. The route is predefined by means of a laser pointer placed in the opposite side. The route deviation is sensed using an optical infrared sensor array denoted as "Detector 2" that is connected to the HC11 port E. The left displacement of the robot is sensed by a photo-transistor connected to pin PE7 and the right displacement is sensed by a photo-transistor connected to pin PE6. The control algorithm is fed with information from Detector 2 in the following form: if PE7=1 then the correction is to the right, if PE6=1 then the correction is to the left, if PE7=PE6=0 then there are no corrections. The correction is carried out by driving a stepper motor shared with to the direction mechanism in the robot. The stepper motor is governed through port A of the HC11.
The data acquisition subsystem consists of three interface circuits between microprocessor and optical encoders, LS7266R1 [2] , three linear optical encoders for displacement measurement [3] and two optical pendulum encoders or inclinometers for angle measurement [4] . The optical encoders are displacement and angle transducers that are connected to a main digital controller by means of a LS7266R1 interface circuit. In this sense, the displacement and angle data is fed to the measurement algorithm. The HC11 controls the actions of configuration, reading and writing in the three LS7266R1 for the data acquisition through its ports C and B. The use of solid-state transducers implies a low consumption of power, which prolongs the duration of the batteries.
The RF communications subsystem consists of a transmitting module, TXM-900-HP-II [5] , controlled by the RS232 port D of the HC11. The TXM altogether with the RXM, works as wireless replacement of the serial interface between two communications equipment. The TXM operates with OOK modulation in the 900MHz band, reaching distances up to 100m in line of sight. The wireless link allows the independent operation of the robot in relatively long distances.
The RF communications subsystem is complemented with the receiving station in the opposed end of the link. A receiving module, RXM-900-HP-II [6] , and a level shifter, MAX232, compose the receiving station. The RXM generates the received data signal and the MAX232 prepares the signal for the RS232 serial port of the computer.
The main control system is constituted by the MC68HC811E2 microcontroller [7] , which is the brain of this measurement instrument. The MC68HC11 is an 8-bit MCU that uses HCMOS technology for small size and fast operation with a low consumption of energy and discharge immunity to the noise. The user interface software allows to obtain the readings of the movable robot through a personal computer. In the scheme of figure 9 the program to access the serial port, ControlCom, receives data in asynchronous form and dynamically sends them to a spreadsheet in Excel. The ControlCom program was specifically developed for this application using Visual C++ 6 as a development tool. The dynamic exchange of asynchronous data, well known as OLE Automation, allows the acquisition of readings without the operator intervention [9] . Finally once the overall readings of a segment of the floor under inspection has been captured, the user can store the data, visualize it or calculate the F-numbers that describe the quality of the floor. The results of the instrument can subjectively be evaluated when observing their performance during the measurement. However, the instrument as a whole can qualitatively be evaluated through the calibration of the displacement and angle measurement devices.
Mechanical design

Flatness and levelness measurement robot
A robot for flatness and levelness measurement of big surfaces was developed; it is shown in figure 10 . Their main functions provide the instrument with the following characteristics: A specific software was developed with application in the measurement of flatness and levelness using the OLE Automation technology that allows the dynamic data exchange between Windows 98/00 applications. The software, shown in figure 11 , automates the process of capture of incoming readings without human intervention. Then, the developed software sends RS232 data of measurements to Excel for its processing. The main characteristics of software are the following ones:
• Automatic reception of asynchronous data in the serial port.
• Dynamic exchange of data with Excel (without any intervention from the operator).
•
Friendly user interface under a Windows 98/00 platform.
• Object-Oriented Programming, OOP, which allows source code scalability and reusability. The performance in the measurement of a test surface confirms the expected results. Additionally, we can affirm the following:
• On the whole, the instrument is easy to operate. It only requires personnel with basic qualification in dimensional metrology and essential knowledge of the Windows environment.
• It provides an excellent comfort of operation. In this sense, the operator has the freedom to delegate the control of the measurement to the instrument and computer PC. In addition, the traverse range of the instrument (100m) avoids that the operator accompanies the instrument on its route. The receiving station and computer PC remain fixed and the robot moves automatically in the surface under inspection.
CONCLUSIONS
Unlike the commercial equipment, our instrument requires a minimum operator intervention. On the whole, the instrument provides a high degree of automation in comparison to the commercial equipment available in the market.
The Metrology Laboratory of the Center of Applied Science and Technological Development, UNAM, is outfitted with the equipment and software to make measurements of flatness and levelness of big surfaces with a great quickness and almost null intervention from the user. Also it is possible to make use of these tools for the industry. Experience in
